It is known that the glass forming-ability (GFA) of bulk metallic glasses (BMGs) can be greatly enhanced via minor element additions. However, direct evidence has been lacking to reveal its structural origin despite different theories hitherto proposed. Through the high-resolution transmission-electron-microscopy (HRTEM) analysis, here we show that the content of local crystal-like orders increases significantly in a Cu-Zr-Al BMG after a 2-at% Y addition. Contrasting the previous studies, our current results indicate that the formation of crystal-like order at the atomic scale plays an important role in enhancing the GFA of the Cu-Zr-Al base BMG.
M
inor element additions (or micro-alloying) have been widely used in the metallurgical fields, which are also known as an effective means to improve the glass forming ability (GFA) of various glass-forming liquids [1] [2] [3] [4] [5] [6] [7] . For instance, the critical diameter of Cu-Zr-Al metallic glass rods is known to be ,3 mm; however, it can be increased to 8 mm after adding only 2-5 at.% of Y to the glass-forming system 5 . Although further addition of Y could be detrimental and reduce the GFA, however, the beneficial effect of micro-alloying has been well recognized and exploited in the casting of various bulk metallic glasses (BMGs) [5] [6] [7] [8] [9] . To rationalize the micro-alloying effect, different theories were put forward. For example, it was proposed that micro-alloying could scavenge oxygen impurities and thus suppress the heterogeneous nucleation of crystals in supercooled liquids 5, 8, 9 ; or that it could tailor the composition of the system in such a way that the resultant structure could approach to a deep eutectic composition, therefore stabilizing the liquid phase 5 , Furthermore, it was even argued that micro-alloying can introduce an atomic-level strain energy into the glass-forming liquid so that the thermodynamic driving force for crystal precipitation is impaired 7 . In spite of all these theories, the structural origin of the micro-alloying effect is still elusive, particularly, at the atomic scale.
Over the past years, the atomic structure of metallic glass-forming liquids and glasses has received intensive research efforts, the focus of which has been centered on the understanding of the ordered phase, such as the short-and medium-range order, in an amorphous structures [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In general, it has been shown that the ordered atomic clusters with either local icosahedral-like [14] [15] [16] [17] [18] [19] [20] or crystal-like [11] [12] [13] symmetry are of great importance to the vitrification behavior of metallic glass-forming liquids 25, [27] [28] [29] . Therefore, it is natural to ask whether micro-alloying could possibly affect these atomic clusters in altering the GFA of a given BMG. The answer to the question may further our understanding of the structural origin of the micro-alloying effect, which sets the goal of our current research.
Results
Figures 1(a)-(b) display the HRTEM images of the as-cast Cu 46 Zr 472x Al 7 Y x (x 5 0, 2) BMGs. At a first glance, both amorphous structures look similar and exhibit a maze-like pattern. There is no overall crystallization as seen in the HRTEM images, which is consistent with the XRD results (see Supplementary Materials). However, it is worthy of mentioning that the selected area electron diffraction (SAED) pattern (inset of Fig. 1b) obtained from the Y-containing BMG shows a halo ring slightly thinner than that of the Y-free BMG (inset of Fig. 1a) (Figs. 2a-b) , both samples contain crystal-like (marked by the yellow rectangles) atomic clusters, which are typically of 1-2 nm in size and characterized by a local fringe pattern reminiscence of a translational symmetry. Note that similar ordered atomic structures have been identified by using HRTEM in various metallic glasses 12, 13, 30, 31 . Despite the presence of the crystal-like order on the scale of 1-2 nm, the structural amorphousness is still retained. The inset of Fig. 2a shows the diffraction pattern of the region with crystal-like order in the Y-free sample, which displays no diffraction spots but an amorphous halo ring. Apparently, there is a trend that the crystal-like orders grow with the Y addition. As shown in the inset of Fig. 2b , one can clearly see crystal-like-order regions of ,2-4 nm in size, which corresponds to three pairs of diffraction spots. As compared to fully crystallized regions, which are associated with a 3D translational symmetry, these regions with an imperfect translational order are usually interpreted as the crystalline nuclei, which has been observed during crystallization in other types of BMGs 31 and proteins 32 . Indeed, the growth of the crystal-like order is evident at many places in the Y-containing BMG; however, the size of all growing crystallike orders is limited within the range of 2-4 nm, which is insufficient to change the overall structural amorphousness. The limited growth of the local crystal-like orders, as apparently induced by micro-alloying, could be attributed to the introduction of the atomic-level strain energy into Gibbs free energy for crystal nucleation 7 and/or presence of the icosahedral-like clusters, which circle around the crystal-likeorder regions and act like pinning 'particles' to suppress large-scale crystallization, as discussed in the recent work 33 . Moreover, as shown in table 1, the nanobeam EDS analysis reveals that the selected area with crystal-like atomic clusters of about 4 nm contains Y element and is enriched in Cu element; in contrast their surroundings free of Y is poor in Cu but enriched in Zr. Considering the positive enthalpy of mixing (135 kJ/mol) between Y and Zr, the local variation in composition can be attributed to the partial substitution of Zr with Y. Therefore, we believe that the emergence of the crystal-like orders is spatially associated with the added Y element, leading to local chemical fluctuations that stabilize the Y-containing supercooled liquid. Note that for this family of Cu-Zr based BMGs the primary crystallization phases have been identified to be CuZr or Cu 10 Zr 7 7 , of which the compositions are different from those of the areas containing crystal-like atomic clusters.
To quantify the areal fraction of local crystal-like order, our obtained HRTEM images, such as those shown in Figs. 1a-b , are divided into many square cells (Fig. 3) . Each cell spans a size of 1.915 nm, close to the smallest size of the observed crystal-like order, and subsequently the image in each cell is transformed into its 2D auto-correlation map in order to assess the local translational symmetry 31, 34, 35 . For instance, the cell located in the 1 st row and 4 th column in Fig. 3 is characterized by crystal-like symmetry in its Fast Fourier Transformation (FFT) pattern (not shown here) and exhibits fringes in the 2D auto-correlation map. Therefore, it was chosen as a reference pattern to study the local ordering in the present case. In that regard, all the sub-images in the rest of square cells were considered to be ordered if their 2D auto-correlation patterns display a clearer fringe than the reference one.
Following the above method, we analyzed all cells in the HRTEM images. Our results show that the total areal fraction of the crystallike-order regions is 24.5 6 1.5% in the Y-free sample, which agrees with the previous estimation made on the Zr-based BMG (Vit1) using the same method 31 . By comparison, the areal fraction increases to 36 6 2% in the Y-containing sample (see Fig. 7S in Supplementary Information), indicating the enhanced structural ordering as one could also infer from the SAED pattern previously shown (the inset of Fig. 1b) . It should be noted that the crystal-like structures marked in the HRTEM image with dashed yellow lines exhibit a distinct crystalline diffraction in the corresponding FFT and always yield the crystal-like auto-correlation pattern, as shown in Fig. 8S . However, there are also places which show the crystal-like autocorrelation pattern and diffraction spots in FFT even though they do not exhibit prominent crystal-like order in the HRTEM image (see Fig. 8S ). In line with the auto-correlation method, we counted both places as those with local crystal-like order. To bridge the observed atomic structure features and the macroscopic thermodynamics, we examined the crystallization behavior of Cu 46 Zr 472x Al 7 Y x (x 5 0, 2) by using DSC. According to Chen and Spaepen 36 , isothermal calorimetry is able to distinguish a glassy structure from that containing nano-grains. For the as-cast Cu 46 Zr 472x Al 7 Y x (x 5 0, 2), the clear exothermic peak in the isothermal DSC traces, as shown in Fig. 4 , clearly indicates their glassy nature, contrasting the decaying exothermic signal expected for the coarsening of a ultra-fine-grained polycrystalline structure 36 . In addition, the amorphous nature of both alloys is also confirmed by the distinct glass transition and sharp crystallization peak (see Fig.  2S ). More interestingly, it should be noted that, after the minor addition of the 2 at % Y, the isothermal exothermic crystallization reaction is significantly delayed, as indicated by the increased incubation time. Furthermore, strain rate jump compression tests were also performed at various temperatures to obtain the rheological properties of the Cu-Zr based BMG alloys in the supercooled liquid regions (see Supplementary Information for details). As shown in Fig. 3S , adding the 2 at % Y brings about a distinct increase in the viscosity of the supercooled liquid, echoing the emergence of more atomic clusters of crystal-like order, as shown in Figs. 1 and 2.
Discussion
The above experimental results clearly show that, after the increasing content of crystal-like orders with the Y addition, the overall rate of crystallization is reduced. This behavior is in line with the enhanced GFA of the BMG but brings about a seeming paradox, i.e. why the increasing degree of crystal-like order, usually interpreted as crystallization nuclei, does not accelerate the overall crystallization rate in the glass-forming liquid. To explain this, one may note the competition between the growth of crystal-and icosahedra-like orders, taking into account that previous investigations have indicated their co-existence in the Cu-Zr based BMG alloy 14 . As the atomic ordering with a spherical-like symmetry maximizes local atomic densities and is usually favored over the latter during an ordering process of a glass-forming liquid 28 , these icosahedra-like clusters could pin the boundary of the crystal-like clusters later formed and thus constraint their growth, as discussed in Ref. 33 .
As a whole, as long as the Y concentration is low and thus the pinning effect is still operative, the whole supercooled liquids would remain in their amorphous state. Once the growth of the local crystal-like order is constrained, the increased overall structural ordering reduces the thermodynamic driving force for crystallization. As illustrated in Fig. 5 , the free-energy of the metallic glass-forming liquid is lowered down as a result of the structural ordering due to microalloying. Following the classic thermodynamics, the free-energy difference, DG
l2c
, between the liquid and crystalline phase decreases. =k B TÞ, where k n is a constant, g the viscosity, k B the Boltzmann constant, and T the temperature, the crystallization rate I becomes slow down because of the micro-alloying induced structural ordering, which then leads to an enhanced GFA.
To sum up, our experimental results clearly show that the minor addition of Y results in formation of more crystal-like orders. These regions of crystal-like order, emerging at a low Y concentration, cannot grow to alter the overall structural amorphousness; however, this micro-alloying induced structural ordering effectively increases the viscosity of the super cooled liquid and reduces the thermodynamic driving force for crystallization, leading to the slow-down of the crystallization rate and hence the enhanced GFA of the glass-forming liquid.
Methods
In this work, the Cu-Zr-Al metallic-glass forming liquid was chosen as the model material. To study the micro-alloying effect, the multicomponent Cu 46 Zr 472x Al 7 Y x (x 5 0, 2) BMG cylindrical rods of 3 mm diameter were prepared by copper mold suction casting in a Ti-gettered high-purity argon atmosphere. The amorphous structures of the as-cast samples were characterized with X-ray diffraction (XRD) using Co Ka radiation and differential scanning calorimetry (DSC) under a flow of purified argon in a Perkin-Elmer DSC7 (see supplementary materials for detail). Subsequently, extensive structural analyses on the as-cast samples were performed using the high resolution transmission electron microscopy (HRTEM) with an accelerating voltage of 200 kV (JEOL 2010F and Philips CM200). For our study, reliable HRTEM images were obtained by varying the defocus until an optimum condition was found (see Supplementary Materials). To quantitatively study the atomic-scale structural ordering, the HRTEM images were transformed to their corresponding autocorrelation patterns by following the method well established in literature 34, 35, 38, 39 Chemical compositions were analyzed by using nano-beam energy dispersive spectrometry (EDS) linked with TEM. Note that a great care was taken during the preparation of the TEM samples, which underwent several steps from the initial mechanical thinning to the thickness of ,80 mm, and the subsequent standard twin-jet electrochemical thinning using a HClO4-C2H5OH solution (volume ratio: 1510) at about 248 K, and finally to low-angle ion milling for ,10 min until the resultant sample thickness was estimated less than ,20 nm. To measure the local thickness of the TEM specimens, the method based on the electron energy loss spectroscopy (EELS) was employed (See Supplementary Information for details). 
